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Nanoscale Pd supported on 3D porous carbon for
enhanced selective oxidation of benzyl alcoholf}
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In this work, a 3D porous carbon framework (PCF) supporting palladium nanoparticles (Pd/PCF) was
synthesized by a simple and economical method and used for catalyzing benzyl alcohol oxidation in
a continuous-flow reactor. Structural and surface characterization revealed that this coral-like PCF with
increased hydrophobic and basic surface properties promotes the adsorption and desorption of the
reactant and products, and also suppresses the disproportionation and facilitates the oxidation of benzyl

alcohol at the same time. The Pd/PCF catalyst exhibited an improved performance in activity, selectivity,

rsc.li/rsc-advances

Introduction

Liquid phase oxidation of alcohols with molecular oxygen,
instead of stoichiometric amounts of inorganic or organic
oxidants, is an attractive green methodology for the production
of fine chemicals in the fragrance and pharmaceutical indus-
tries.’”® Supported Pd catalysts have been widely investigated as
an active catalyst for oxidizing alcohols into their corresponding
aldehydes.*® Since the support plays an important role in
enhancing the activity of the catalyst and the selectivity of the
Pd-catalyzed reactions, the investigation of supports capable of
stabilizing Pd nanoparticles is of great importance.”" In fact,
the support can interact with the metallic particles dispersed in
or on it, thus modifying the electronic and structural properties
of the catalyst,”” which are the key factors to achieve high
catalytic activity and selectivity for alcohol oxidation.**™*
Recently, a novel 3D porous carbon framework (PCF) mate-
rial synthesized by an efficient and economical procedure has
been reported and has attracted much attention,'® owing to its
special 3D morphology, unique surface properties, and low cost.
Such a class of porous carbonaceous materials with hierarchical
pore structures can effectively combine the typical roles of most
pores/channels in the catalytic processes and represents
promising alternatives for the currently used carbon-based
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and stability when compared to the same Pd supported on a typical activated carbon (AC).

supports such as active carbon (AC) and carbon nanotubes
(CNTs).”>*” However, to the best of our knowledge, there have
been no reports on the use of 3D PCFs as support materials for
any metal to catalyze selective alcohol oxidations.

In this work, a 3D PCF was prepared from only acetone and
sodium hydroxide by an extremely simplified and scalable
approach, and used as the support for Pd nanoparticles in
benzyl alcohol oxidation. Pd supported on AC (Pd/AC) was
prepared and applied under the same conditions for compar-
ison. A continuous-flow system was used to evaluate the cata-
Iytic performance and to achieve rapid optimization of reaction
conditions. The flow system also aids the collection of catalyst
particles without filtration, thus directly revealing the infor-
mation on catalytic stability.® Herein, surface analyses of both
fresh and reacted catalysts were carried out to better clarify the
influence of catalyst supports.

Results and discussion

A PCF was prepared by an extremely simplified NaOH-assisted
treatment of acetone, as shown in Fig. 1. Briefly, 8 g NaOH
was mixed with 40 mL acetone and stirred by a magnetic stirrer
for 1 h. The liquid mixture was left in air for 120 h, which
gradually afforded a dark brown solid. Subsequent calcining at
600 °C and then at 1000 °C under He atmosphere yielded 3D
PCFs. Pd nanoparticles supported on PCF (Pd/PCF) were
prepared via an impregnation method, with a total metal
loading of 1.16 wt% (measured by inductively coupled plasma
optical emission spectrometer (ICP-OES)).

The morphology and microstructure of the as-prepared Pd/
PCF were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Fig. 2a and
b show coral-like morphology of the PCF, composed of inter-
connected and distorted nanosheets with many micro-and
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Acetone + NaOH

Fig. 1

[llustration of the preparation procedure for PCF.

Fig.2 (a andb) SEM images of the fresh PCF and (c and d) TEM images
of the fresh Pd/PCF.

nano-sized pores. TEM images of Pd nanoparticles dispersed on
the PCF support are shown in Fig. 2¢ and d, which exhibit well-
distributed and 4-12 nm-long Pd nanoparticles supported on
the PCF.

The liquid phase oxidation of benzyl alcohol was carried out
in a continuous-flow three-phase reactor (Thales-Nano Phoenix
Flow Reactor™). For catalytic comparisons, the Pd/AC catalyst
with a metal loading of 1.85 wt% (measured by ICP-OES) was
prepared by impregnation and applied under the same condi-
tions. The conversion of benzyl alcohol and the selectivity of
benzaldehyde are shown in Fig. 3. The PCF-supported catalyst
showed a significantly higher selectivity of 90.71% at 65.07%
conversion, compared to that obtained with Pd/AC (76.91%
selectivity at 7.18% conversion). Additionally, after 1 h of reac-
tion, the selectivity of Pd/AC decreased by ~10%, while no
obvious decrease in the activity and selectivity was observed in
the case of Pd/PCF. When looking at the optimum oxygen flow
rate, the conversion of benzyl alcohol increased with the rise of
oxygen flow rate from 3 mL min~' to 5 mL min ', whereas
further increase of oxygen flow rate resulted in a gradual
decrease of benzyl alcohol conversion (Fig. S17). This observa-
tion may be due to the reduced retention time of benzyl alcohol
in the catalyst column in contact with oxygen. The effect of
temperature was also carried out, the conversion of benzyl
alcohol increased with the increase of temperature, while the
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Fig. 3 Catalytic performances of Pd/PCF and Pd/AC catalysts for
benzyl alcohol oxidation.

selectively of benzaldehyde was reduced accordingly (Fig. S21).
It is known that solvent-free oxidation of benzyl alcohol can be
accomplished over Pd catalysts.'*** The Pd/PCF was applied to
the solvent-free catalytic reaction, in which the conversion and
selectivity were 10.22% and 78.02%, respectively. Since the
properties of AC might influence of catalytic performance to
a great extent, the same metal loading of Pd supported on the
carbon nanotube (Pd/CNT) catalyst was also carried out under
the same conditions. The Pd/CNT catalyst showed a selectivity
of 37.24% at 24.95% conversion, which is also much lower than
that of Pd/PCF.

In terms of the catalytic performance (TOF) of Pd catalysts in
benzyl alcohol oxidation reaction, solvent-free conditions were
applied to calculate the TOF. The performances of Pd supported
on PCF, AC and CNT were carried out at the same conditions.
The TOF of Pd/PCF (2826.6 h™') is higher than Pd/AC (571.2

This journal is © The Royal Society of Chemistry 2017
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h™") and Pd/CNT (1071.8 h™"), which is in accordance to the
reactivity of those three catalysts. The results of TOF indicate
that the PCF support was not simply increased the dispersion of
Pd, but also increased the activity per site and thus increased
the reactivity of Pd/PCF.

TEM overview images of both the fresh and used of Pd/PCF
and Pd/AC catalysts are shown in Fig. 4. The Pd particles on
the PCF exhibit a more homogeneous distribution than those
on AC. For the used catalyst in both cases, no obvious structural
difference was observed. The Pd/PCF showed no apparent
growth in the size of the Pd particles after oxidation and
maintained a good distribution of particles. However, in the
case of Pd/AC, a considerable number of Pd particles were
observed to have undergone coalescence to form bigger and
irregularly shaped particles, probably due to the accumulated
carbonaceous deposition and metal leaching.

X-ray diffraction (XRD) was applied to the fresh and used
catalysts to investigate the crystal structure. As shown in Fig. 5,
the remarkable peak at ~23.7° was consistent with the (002)
diffraction of carbonaceous materials, indicating that the
support has some resemblance to the graphite structure.?” In
addition, four other obvious diffraction peaks of Pd/PCF and
Pd/AC were observed at 20 = 39.9°, 46.4°, 67.9°, and 81.8°,
corresponding to the face-centered cubic (fcc) structure with
(111), (200), (220), and (311) planes of the Pd nanoparticles.”
The sharp and distinct diffraction peaks indicated that the Pd
nanoparticles form complete crystal structures and show a high
degree of crystallinity.

The average size of the Pd nanoparticles (d) was estimated
using the Scherrer's equation (eqn (1)) for the (111) peak at 26 =
40° after background subtraction:

d = kM(B cos 6) (1)

where k is a coefficient, generally taken as 0.9, A is the wave-
length of the X-ray radiation (1.5418 A), 8 is the full width at
half maximum (FWHM) measured in radians, and 6 is the angle

Fig. 4 TEM images of Pd/PCF catalyst (a) before reaction and (b) after
reaction, and those of Pd/AC catalyst (c) before reaction and (d) after
reaction.
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Fig. 5 XRD patterns of (a) Pd/PCF and (b) Pd/AC catalysts before and
after reaction.

measured for the position of Pd diffraction peaks. The average
Pd nanoparticle diameter calculated from the FWHM of the Pd
(311) peak for the fresh Pd/PCF catalyst was 12.6 nm, which is
nearly equal to that of the used catalyst (12.3 nm). Thus, there
was no obvious difference between the fresh and used Pd/PCF.
However, in the case of Pd/AC, the average diameter of the Pd
particles slightly increased from 12.0 nm to 13.6 nm, which is in
good agreement with the TEM results.

Fig. 6 shows the Raman spectra of the fresh and used cata-
lysts. The qualitative analysis of the carbon nanostructures,
based on the intensity ratio of the D band to the G band (Ip/Ig),
revealed the in-plane crystallite dimensions and the in-plane
crystallite dimensions and the in-plane and edge defects in
the above materials. The Ip/Ig ratios of the fresh AC, fresh Pd/
AC, and used Pd/AC were 1.07, 1.09, and 1.08, respectively.
Similar peak positions and Ip/Ig values were observed for AC,
implying that these samples possess similar degrees of
graphitization.

The I,/Ig ratios of the fresh PCF and fresh Pd/PCF were 1.05
and 1.06, respectively, while that of Pd/PCF after the oxidation
reaction was 1.13. Nevertheless, no obvious structural differ-
ence was observed between the fresh and used catalysts.

The composition of the catalysts was determined by XPS. As
shown in Fig. 7, both Pd/PCF and Pd/AC exhibited the evidence
peak of C 1s, and six different peaks, representing different
oxygen-containing groups, could be obtained owing to decon-
volution. The main peak at 284.5 eV could be attributed to the
sp*-hybridized carbon atoms, sp>-hybridized carbon atoms were

RSC Adv., 2017, 7, 25885-25890 | 25887
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Fig. 6 Raman spectra of (a) fresh PCF, (b) Pd/PCF catalyst before
reaction, (c) Pd/PCF catalyst after reaction, (d) fresh AC, (e) Pd/AC
catalyst before reaction, and (f) Pd/AC catalyst after reaction.
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Fig. 7 Deconvoluted C 1s XPS patterns of the (a) Pd/PCF catalyst
before reaction, (b) Pd/PCF catalyst after reaction, (c) Pd/AC catalyst
before reaction, and (d) Pd/AC catalyst after reaction.

represented by the peak at 285.2 eV. In addition, the three peaks
at 286.3 eV, 287.4 eV, and 288.8 eV were ascribed to -C-O- (like
alcohol and ether), -C=0 (like ketone and aldehyde), and
—-COO- (like carboxylic and carbonyl) groups, respectively.>* The
atomic ratios (C 1s/O 1s) of the different catalyst samples
detected by XPS are shown in Table 1. The oxygen content on
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Table 1 Summary of the core-level XPS spectra of the catalysts, both
fresh and after reaction

Pd 3d C 1s/0
Catalyst type C 15 (%) O 1s (%) (%) 1s
Fresh Pd/PCF 89.32 10.17 0.51 8.78
Reacted Pd/PCF 85.44 13.28 1.28 6.43
Fresh Pd/AC 80.84 18.40 0.76 4.39
Reacted Pd/AC 83.63 15.75 0.62 5.31

the surface of Pd/PCF was lower than that on the Pd/AC surface,
indicating that the Pd/PCF possess less oxygenated functional
groups. Comparing the catalyst before and after the reaction, an
opposite trend was observed between the oxygen contents on
Pd/PCF and Pd/AC. For Pd/PCF, the oxygen content increased
and the C 1s/0O 1s ratio decreased, suggesting an accumulation
of oxygenated compounds during the reaction. However, the
oxygen content on Pd/AC decreased after the reaction, probably
owing to the loss of oxygenated functional groups due to the
leaching of the metal particles.

We carried out XPS measurements to clarify the chemical
state of the Pd nanoparticles anchored on the catalyst samples
and to characterize the surface and near-surface properties of
both fresh and used catalysts. Fig. 8 shows the XPS signals of
the Pd/PCF and Pd/AC catalysts before and after reaction,
between 333 eV and 350 eV. The signals were fitted with
multiple peaks. From the Pd 3d spectrum, we could find two
types of double peaks, named Pd 3d (3/2) and Pd 3d (5/2) peak.
The shift degrees of the two types of peaks were similar, and
therefore, only the Pd 3d (5/2) peak has been discussed here.

The Pd 3d (5/2) peak ranges from 335.5 eV to 335.8 eV were
found to represent the monometallic Pd nanoparticles. As
shown in Fig. 8, the peaks at 335.5 £ 0.2 eV corresponded to
Pd(0), and the other peak at 337.45 eV indicated the formation
of Pd-O bonds.>®** The intensity of the peaks suggested that
majority of the Pd nanoparticles are Pd(0), and that Pd also
exists in the catalysts in the form of Pd(u), which can easily bond
with the O atom. As shown in Fig. 8a and b, the Pd/PCF catalysts
before and after reaction exhibited no obvious shift, indicating
that the size of the Pd particles was almost unchanged. This
further suggested that the Pd particles and the supports might
be closely bonded together.”” However, the spectra of the fresh
Pd/AC in Fig. 8c and that of the used Pd/AC in Fig. 8d showed
a clear negative binding energy shift of ~0.7 eV in the Pd(0) 3d
(5/2) peaks for the used Pd/AC catalysts due to increase in the
size of the Pd nanoparticles, which is in good agreement with
the TEM and XRD results.

The TPD results allow the identification and quantification
of the functional groups present on the carbonaceous material
surface by peak assignment. TPD spectra for both Pd/PCF and
Pd/AC are shown in Fig. 9. The Pd/AC samples show CO, release
over a broad range of temperature (400-1000 K) because of the
decomposition of different functionalities such as carboxylic
acids, anhydrides, and lactones.”® On the contrary, PCFs
released a very low amount of CO, over the temperature range
400-650 K, as a result of hydrophobic surface properties. The

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Pd 3d XPS patterns of the Pd/PCF catalyst (a) before reaction
and (b) after reaction, and those of Pd/AC catalyst (c) before reaction
and (d) after reaction.
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Fig. 9 (a) CO,-TPD and (b) NH3-TPD patterns of Pd/PCF and Pd/AC
catalysts.

acidity of both Pd/PCF and Pd/AC was also studied by the NH;-
TPD profiles, and the results are displayed in Fig. 9b. The Pd/AC
catalyst showed much higher desorption peaks than that of the
Pd/PCF catalyst at temperatures below 100 °C and over 350 °C,
which were ascribed to the physisorbed ammonia and the
strongly acidic sites, respectively.

This journal is © The Royal Society of Chemistry 2017
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As reported by Villa et al., the hydrophilicity/hydrophobicity
of the support surface can impact its activity in Pd-catalyzed
alcohol oxidation.”® Herein, we could conclude that the
benefit of using PCF as the support, with respect to both activity
and selectivity, is mainly attributable to the hydrophobicity of
the support surface. Both the TPD and XPS results indicate that
the total number of O-containing functional groups in PCFs was
much less than that in AC. This is in accordance with the
observation that Pd/PCF showed a higher conversion than Pd/
AC, implying that higher the hydrophobicity of the surface,
higher is the catalyst activity. The hydrophobic surface of the
PCF might provide the hydrophobic reactant (benzyl alcohol)
with an easier access to the active sites, which also facilitates the
product desorption at the same time, thus increasing the overall
rate of the reaction. Contrarily, the surface of AC contained
a high concentration of oxygen species, and their hydrophilic
character had a negative effect on the affinity between the
catalyst and the hydrophobic benzyl alcohol, especially when
hydrophobic solvents like cyclohexane were used.

Moreover, the catalytic selectivity was also affected by the
acidity/basicity of the support surface, which determined the
preferential reaction route. As reported by Savara et al., there are
two primary reaction pathways for the overall oxidation of
benzyl alcohol to produce the desired benzaldehyde.** One
pathway is oxidation and the other is the disproportionation of
benzyl alcohol. In the latter reaction pathway, an equimolar
amount of toluene, the main byproduct, is produced along with
benzaldehyde. According to the disproportionation mecha-
nism, the formation of toluene involves cleavage of the C-O
bond of benzyl alcohol and is likely to be promoted in acidic
conditions, whereas the O-H cleavage leading to benzaldehyde
formation prefers basic environments. Our observations
confirmed that toluene formation by disproportionation was
favored when AC with acidic properties was used as the support.
In contrast, PCFs exhibiting basic characters promoted the
oxidation of benzyl alcohol to form benzaldehyde, thus
increasing the selectivity for the desired products.

Furthermore, it is noteworthy that the Pd nanoparticles
supported on PCFs showed better stability than those on AC, as
confirmed by comparing the XRD patterns, XPS spectra, and
ICP data for both the fresh and used Pd/PCF and Pd/AC cata-
lysts. All the results showed that a significant leaching of the Pd
particles occurred on AC supports. Therefore, a high catalytic
stability during the selective oxidation of benzyl alcohol was
achieved using Pd supported on PCFs.

Conclusions

In this work, we used a simple and scalable method to synthe-
size a 3D porous carbon framework (PCF) with coral-like
structure. This PCF was applied as a support for Pd nano-
particles and compared with activated carbon (AC) for the
selective oxidation of benzyl alcohol in a continuous-flow
reactor. The Pd/PCF catalyst exhibited enhanced activity with
higher selectivity toward benzaldehyde and more resistance to
deactivation than Pd/AC. We proposed that the hydrophobicity,
basicity, and porosity of the support surface contribute to the

RSC Aadv., 2017, 7, 25885-25890 | 25889
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improved catalytic performances in selective oxidation reac-
tions. The excellent activity of Pd/PCF was attributed to the
hydrophobicity of the support surface, which promotes the
adsorption of the hydrophobic reactant (benzyl alcohol) and
desorption of the products at the same time. The enhanced
selectivity was ascribed to the basic character of the PCF
surface, which suppresses the disproportionation and facili-
tates the oxidation of benzyl alcohol.
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